Introduction and Summary
Through the Tanks Focus Area, the Office of Science and Technology has funded the Savannah River Technology Center (SRTC) and the Oak Ridge National Laboratory (ORNL) to develop formulations which can incorporate sludges from Oak Ridge (OR) Tank Farms into an immobilized waste form. SRTC has been developing a glass waste form, whiIe ORNL has been developing a grout waste form for the tank farms sludges. The four tank farms included in this task are:
Melton Valley Storage Tanks (MVST) Bethel Valley Evaporator Service Tanks (BVEST) Gunite and Associated Tanks (GAAT) Old Hydrofracture Tanks (OHF) .
The first element of the SRTC task for FY97 was to develop a glass formulation to immobilize a blended sludge from the MVST and the BVEST. ORNL had previously developed a soda-limesilicate (SLS) glass for the MVST sludge. SRTC has reproduced this work and expanded on it for the blended MVSTBVEST sludge. SRTC also performed a durability test on the resultant glasses. The normalized sodium and silicon leachate concentrations for the soda lime silica glasses readily met the Environmental Assessment glass (a borosilicate glass) benchmark limits for these two elements. Additional efforts at the SRTC included the verification of the glass formulation prior to the ORNL radioactive demonstration and technical consultations during the radioactive demonstration. However, the major emphasis for SRTC in FY97 was on the second element of this task, the overall blended average of the tank farms.
The second element focused on developing a glass formulation which would immobilize a sludge with a composition obtained from averaging the contents of all four tank farms (composite composition). Although blending the contents of all four tank farms is not feasible, this average composition provides a basis from which to develop a glass formulation. Once a frit formulation was developed which produced a durable glass waste form at reIativeIy high waste loadings, then a statistically designed approach was implemented to determine the size of the sludge compositional window which could be adequately immobilized by the frit formulation.
This report summarizes the SRTC results of Task A of Task Plan SR-I 6WT-3 I for FY97. WSRC-TR-97-0039 1
Experimental Details
Using ORNL information on the characterization of the tank waste sludges, SRTC has been performing extensive bench-scale vitrification studies using simulants. Several glass systems have been tested to ensure the optimum glass composition is determined. This optimum composition will balance waste loading, melt temperature, waste form performance and disposal requirements. By optimizing the glass composition, a cost savings can be realized during vitrification of the waste. The preferred glass formulation will be selected from the bench-scale studies and recommended to ORNL for further testing with samples of actual OR waste tank sludges.
Studies were performed using simulant sludges that contained depleted uranium dioxide and reagent grade chemicals. The sludge sirnulant and appropriate glass-forming chemicals (or frit)
were combined and placed in high-purity alumina crucibles. The samples were vitrified at 1100°C to 1300°C for four hours. The crucibles were then removed from the furnace and allowed to air cool to room temperature. The glass was broken out of the crucible and ground for analysis. Some glass samples were removed from the furnace after four hours and then poured into stainless steel pans. This provided an estimate of the viscosity of the glass.
The glass samples were analyzed to determine the chemical composition. Each sample was dissolved by two separate dissolution methods according to approved procedures. The dissolutions were analyzed by Atomic Absorption (AA) spectrometry and Inductively Coupled Plasma Emission Spectroscopy (ICP-ES). Glasses were also submitted for X-Ray Diffraction (XRD) to determine the crystalline content.
The glass durability was measured using the Product Consistency Test (PCT). The PCT is a crushed glass leach test that measures the releases of several elements from the glass. The test is performed in 90°C deionized water for seven days. The PCT creates leaching conditions which are more aggressive than those for the Toxicity Characteristic Leaching Procedure (TCLP) to provide information about glass durability under accelerated (worst case) leaching conditions. In addition, the PCT is a better indicator of the glass durability because it is a glass-dominated rather than a solution-dominated durability test. The results of the PCT test for each glass were compared to the Environmental Assessment (EA) glass to determine acceptability. The acceptance criteria for high-level waste glasses states that the glass produced must be more durable than the EA glass. Since there is currently no durability criteria for low-level waste, the EA glass benchmark values will be used.
MVSTJBVEST
A report was written by ORNL describing the results of their glass formulation efforts for the MVST sludges.] One formulation that ORNL tested contained approximately 14 wt% CaC03, 41 wt% dried O W L MVST surrogate waste, and 45 wt% Si02 in the feed mix. This was the formulation used for confirmatory testing at the SRTC. Since the BVEST sludge composition is similar to the MVST sludge, the compositions were statistically averaged. A comparison of the compositions is provided in Table I . A surrogate based on the MVSTBVEST sludge composition was developed at the SRTC and used for the confirmatory testing of the ORNL formulation. Table 2 . The column for the 40 wt% formulation is the ORNL developed formulation while the other two formulations were developed by the SRTC. The PCT was performed on all of the glass samples. Samples were run in triplicate and each 7-day test included the appropriate blanks and standards. The results of the standards and blanks indicated that the tests were acceptable. The average PCT releases for several elements were WSRC-TR-97-0039 1 measured. These values were used along with the composition of the glass to calculate the average normalized release for silicon and sodium. The leachate pH was measured as part of the PCT protocol and provides a secondary indication of glass durability.
The normalized elemental releases reported in Table 3 indicate that the glasses made with surrogate MVSTBVEST waste met the HLW acceptance criteria, which states that the glass produced must be at least two standard deviations better than the Environmental Assessment (EA) glass. 
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Tank W-25
The radioactive demonstrations at ORNL to confirm the nonradioactive glass and grout formulations were performed using sludge from MVST Tank W-25. Since this sludge differed in composition from the average MVSTBVEST sludge composition, additional testing using a surrogate Tank W-25 sludge was performed. The composition of the Tank W-25 sludge is included in Table 4 along with the average MVSTBVEST from Table 1 . Four glass formulations were tested using the Tank W-25 surrogate, including the ORNL formulation that was developed for the average MVST sludge composition. Two of the tested formulations produced a homogeneous glass waste form that had a reasonable viscosity. These two glasses were subjected to the PCT to assess the durability. The results for the selected formulation was approximately 0.1 g/L for silicon and approximately 0.4 g/L for sodium. These results are significantly more durable than the EA glass (see Table 3 for the EA gIass PCT results). Composite This portion of the task focused on developing a glass formulation which would immobilize a sludge composition obtained from the overall blended average of the four tank farms (composite composition). The goal of the work was to develop a glass frit formulation which would incorporate the composite sludge waste to produce an acceptable glass and then to determine the robustness of the developed frit (i.e., the sensitivity of the frit formulation to variations in the chemical composition around the average sludge).
The chemical composition of the composite sludge was obtained by calculating a weighted average of the contents of the four tank farms. The amount of sludge and chemical composition of the sIudge in each tank farm was estimated as follows:
MVST: The MVST tank farm consists of eight 50,000 gallon tanks (Building 7830) identified as W-24 through W-3 1. Two of the tanks, W-29 and W-30, have been modified to serve as feed tanks and consequently could not be sampled. These two tanks fw-29 and W-30) have been excluded from defining the average MVST chemical composition and the amount of sludge. The average MVST composition is presented in Table 1 .
BVEST:
The BVEST tank farm consists of five 50,000 gallon tanks identified as W-2 1, W-22, W-23, C-1, and C-2. Tanks C-1 and C-2 were not sampled and consequently their contents have not been included in the determination of blended average of the BVEST. The BVEST composition is provided in Table 1 .
GAAT: The tanks included for defining the average chemical composition of the GAAT sludge waste along with the amount of sludge are W-3 through W-10. The average GAAT results are shown in Table 5 .
OHF: The OHF tank farm consists of five tanks, all of which were included in the calculation of the average chemical composition and the amount of sludge for OHF. Table 5 presents the average OHF composition.
Composite: The overall composite average was obtained by weighted averaging of the 5 OHF, 8 GAAT, and 9 MVSTBVEST tanks. The resulting composition is also provided in Table 7 . Each of these formulations was combined with the same amount of composite surrogate (see Table 6 ) , and vitrified at 1300°C for four hours. The surrogate loading (not on an oxide basis) for the scoping tests was 40 wt% dried material. 
The five glasses resulting from the frit compositions shown in Table 7 were each subjected to the PCT. The normalized releases for silicon and sodium are shown in Table 8 , along with the corresponding average pH of the leachate. These five compositions were used as the basis for the statistical optimization of the frit formulation. 
Optimization of Frit Formulation
While maintaining the sludge composition constant, the components of the frit formulation were statistically varied to determine the optimal composition (i.e. a composition that would allow sufficient waste loadings, while still maintaining the appropriate liquidus, viscosity and durability properties). Using the composition of the surrogate sludge and the five SLS formulations in Table 7 , a final glass composition was calculated for waste loadings of 33 and 55 wt% sludge oxides. This led to 10 compositions. Using these 10 glass compositions, a high and a low value for each frit component was determined and is shown in Table 9 . The values in Table 9 include the contributions from the sludge for each component. All sludge components that were not a WSRC-TR-97-0039 1 frit component are included in the row titled "Others". Details on the statistical approach used for this study are provided in Appendix I. Using the range in Table 9 , the extreme vertices of the multi-dimensional space of glass composition were computed. Sixteen glass compositions that would provide the most information regarding possible linear effects among the components were determined, along with the centroid of this multi-dimensional space. The selected glass compositions were converted to frit compositions, which are provided in Table 10 , along with the waste loading used. Sample number 17 was the determined centroid for the region and was used to help critique the performance of the linear model. Appendix I describes the method used to select the glass compositions. Each of the frit compositions shown in Table 10 was batched and then mixed with the appropriate amount of the sludge surrogate. The centroid (ID 17) was the first glass vitrified and then all of the others were melted in a random order. After four hours at I 30O0C, the samples were removed from the furnace and poured into a stainless steel pan. The relative viscosity of each sample was then determined and given a numerical rating between 1 and 3, with intervals of 0.5. A viscosity rating of 2.5 or 3.0 was deemed acceptable. While a rating of 2.0 was marginal and could prove to be acceptable, depending on the melter system, it was decided to be conservative by considering it unacceptable. Low values were given for a sample that was either too viscous or too fluid.
In addition to a viscosity rating, a liquidus rating was given to each sample based on visual observation for crystals or other non-glassy phases. The numerical rating ranged from 1 to 7, with a minimum of 5 being considered acceptable. Table 11 summarizes the ratings for each of the 17 tested glasses. The five highest rated glasses (5,7,8,9 and 11) had waste loadings of 33.01 wt% sludge oxides.
Therefore, the sludge loading of each of these glasses was increased to 45 wt%. The melting and pouring procedures were repeated and liquidus and viscosity ratings were given to the new glasses. The ratings for the five glasses with 45 wt% sludge oxide loadings are given in Table  12 . WSRC-TR-97-0039 1 The ratings for the 22 glasses (Tables I 1 and 12) indicated that the glasses in the tested region generally had acceptable viscosities but liquidus was a concern. The results of the ratings were statistically evaluated to determine the factors affecting the properties. Based on the limited data from these samples, several components of the frit were determined to be statistically significant in contributing to the ratings. Three of these frit components (SiO2, Fe203, and CaO) were found to improve the liquidus property. Therefore, six new frit compositions, using only these three Components were tested. The frit compositions tested are given in Table 13 . 
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The frit compositions listed in Table 13 were each combined with the appropriate amount of composite surrogate sludge to produce a glass with a waste loading of 45 wt% sludge oxides. After four hours of melting at 1300°C, the crucibles were removed and the glass was poured into stainless steel pans. The glasses were each given viscosity and liquidus ratings. The results of the ratings are provided in Table 14 . 
The results indicated that the region tested was completely acceptable for liquidus, but not totally acceptable for viscosity. These results were included in an expanded statistical evaluation of all of the results. As a part of the evaluation, a ternary diagram was plotted with SiOz, Fe203, and CaO on one axis, Na20, Li20, K20 and A1203 on another axis, and all other sludge component ("Others") on the third axis. This ternary is shown in Figure 1 . A region of glasses with acceptable liquidus and viscosity ratings was beginning to be defined on this ternary diagram.
Although an exact frit composition had not yet been determined, it was decided to begin varying the sludge composition while narrowing the composition of the frit.
Variation in Sludge Composition
At this stage of frit selection, a rather limited range of variation in sludge was established. The focus was on eight components in the sludge which generally make up greater than 90% of the sludge on an oxide basis. Lithium, which was included as a variable in the initial experiments, was not included in these experiments because it was a negative (or insignificant) factor on the liquidus and viscosity ratings and because it was not present in the sludge composition. The eight elements selected, along with the initial high and low values, are listed in Table 15 . All components of the sludge that were not listed individually were grouped in the "Others" category. The statistical approach used for each phase of the sludge variation study was similar to the method detailed in Appendix I. 
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For Phase I of the sludge variation study, the frit components listed in Table 7 were also varied, and the waste loading was narrowed to 40 2 wt% sludge oxides. The extreme vertices of the final glass composition were computed from these ranges. Using the D-Optimal Design routine (as described in Appendix I), twelve of the extreme vertices glass compositions were selected for testing. The centroid of the region was also tested. In addition, twelve glass compositions within the multi-dimensional space were selected. The centroid and selected interior points assisted in the examination of the linear model. The glass compositions are shown in Table 16 . The first sample listed is the centroid, the next twelve compositions are the extreme vertices and the last twelve glasses are the interior points. The interior points were selected from the set of vertices of the compositional region that was half-way between the extreme vertices and the centroid. The glasses were batched and melted in a random order. After four hours at 1 3OO0C, the alumina crucibles were removed from the furnace and the glass was poured into stainless steel pans. The ratings for each of the glasses are provided in Table 17 . WSRC-TR-97-0039 1 With only one exception (sample #3), all of the glasses were considered acceptable. The results for Phase I of the sludge variation study were statistically evaluated and were included with the results for the frit optimization study. Since there were more data points, a more detailed analysis could be performed. Three components of the frit (SiO2, FezO3, and CaO) continued to be the most significant positive factors in both the liquidus and viscosity ratings. Therefore, for
Phase II of the sludge variation study, only these three components were used for the frit. The range of values used for these components is shown in Table 18 .
WSRC-TR-97-0039 1 For Phase II, the range for the sludge components was expanded. The range of sludge composition was extended to include a greater percentage of the overall tank wastes. Again, the same eight elements were considered and a range selected which included most of the variations within the BVEST and MVEST tanks, as well as the averages for the GAAT and OHF tanks. The extended range is provided in Table 19 in units of wt% oxide. The expected glass compositions were calculated for all combinations of the ranges in Tables 18  and 19 . These calculations again used waste loadings between 38 and 42 wt% sludge oxides. For each of the components, the low and the high values at the extreme vertices were determined.
In addition, an internal region was calculated along with the centroid of the space. The low and the high values at the extreme vertices and at the internal points are shown in Table 20 for each of the components. The composition of the centroid is also provided. Of the 465 extreme vertices that were determined from the region defined by the values in Table  20 , twelve glass compositions were selected using the D-Optimal Design detailed in Appendix I.
These compositions were chosen because they were determined to provide the most information about the effects on the properties. Twelve additional glasses were selected from the vertices of the interior region. After melting and pouring, liquidus and viscosity ratings were given to all 24 glasses. These ratings are shown in Table 21 . 
Prior to vitrification, the available data were used to predict the liquidus rating for each of the 24 glasses. A viscosity rating was not predicted. Only one glass (#2) was predicted to have a liquidus rating below 5. Its predicted rating was 4.5, but the experimental rating was 7. The results from these 24 glasses were incorporated into the models to assist in future predictions.
All of the results were plotted on another ternary diagram, with Si02 on one axis, Fe203 and CaO on the second axis and all other components on the third axis. On this ternary diagram, shown in CaO were desired. Therefore, for Phase I11 of this study, the frit was adjusted to a fixed composition and the waste loading was increased to 45 k 2 wt% sludge oxides. This would force the glass compositions into the acceptable regions. The results of Phase I11 testing will be reported in FY98. Additional testing expected to be completed in FY98 includes an examination of the minor components of the sludge. While the minor components were included and varied in all of the FY97 experiments, the relative amounts of the minor components were held constant. It will be necessary to determine the influence these minor components have on the glass properties.
Waste Compliance Activities
Since reasonable waste loadings would result in the glass being classified as transuranic (TRU), disposal of the vitrified waste form at the Waste Isolation Pilot Plant (WIPP) would be an option.
Compliance with the WIPP Waste Acceptance Criteria (WAC) has been demonstrated and is detailed in a report which is attached as Appendix II.
Preliminary Estimate of the Amount of Glass Produced
There is uncertainty in the total amount of sludge present in the four OR Tank Farms. For the preliminary calculation of the total amount of glass that would be produced if all of the sludge was vitrified, it is assumed that approximately one million kilograms of sludge slurry is currently in the OR tanks. During vitrification, the dry sludge will become integrated into the glass matrix as oxides of the elements. The calcine factor is assumed to be 1.5 for this calculation. The final assumption is based on maintaining a waste loading of 40 wt% sludge oxides.
Using these assumptions, the total amount of glass produced in the immobilization of all OR sludge waste would be -830,000 kg. This rough, initial calculation allows an estimate of the time required to vitrify all of the OR sludge, but this is dependent on the throughput of the selected melter. For a melter with a throughput of 100 Kg/hr (the design basis for the DWPF HLW melter), it would take 0.95 years of continuous operation to immobilize all of the waste. However, for a rnelter with a throughput of 10 Kghr, it would require 9.5 years of continuous operation.
The scope of FY98 task involves a more detailed calculation which will include a range of times and waste loadings. In addition, the possibility of using different frits to increase the loading will be considered. The calculations of time and loadings will be necessary to determine the cost estimates for vitrification as the immobilization process for OR sludge. WSRC-TR-97-0039 1
APPENDIX I: STATISTICALLY DESIGNED MIXTURE EXPERIMENTS
A phased-approach is being used to demonstrate the viability of vitrifying the Oak Ridge tank waste. An early step along this process was the successful vitrification of a surrogate for an "average" feed that was computed from the available information on the relevant sludge tanks. Several different compositions, five in fact, were shown to be viable frits for this task.
Next, a statistically designed experimental plan was developed to refine the frit formulation. The purpose of this phase of the study was the exploration of the relationships between product and process properties and glass composition to determine the critical component(s).
DEFINING THE GLASS COMPOSITIONAL REGION
The compositions of the successful frits consisted of mixtures of some or all of the following oxides:
The glass composition region to be explored in this phase of the study was defined by holding the surrogate sludge feed constant and allowing the sludge feed loading to range from 33% to 55% of the glass composition for each of the frits of Table 7 . To fully define the glass, the "Others" category was used to represent those components of the sludge feed not in the frit. Determining the high and low values for each oxide over all five frits led to Table 9 which defines the oxide ranges for this phase of the study. A1203, CaO, Fe203, K20, Li20, Na20, and SO2.
IDENTIFYING THE FEATURES OF A MIXTURE DESIGN
Property models that relate process or product characteristics, such as liquidus temperature, to feed composition are inherently difficult due to the large number of constituents in the feed. Designing experiments to explore these relationships must overcome this problem of high dimensionality as well a s one other complexity---the glass composition must be considered as a mixture.
The response of a mixture system depends only on the proportions of the constituents and not on the total amount of the mixture. This forces each of the design points to satisfy the following mathematical constraints: 
i=l where x i is the concentration of oxide i (as a mass or weight fraction) in the mixture consisting of q components [ 11. The eight oxides presented in Table 9 are to be investigated as part of this study: A1203, CaO, Fe203, K20, LizO, Na20, SiO2, and Others. As described above, there are additional restrictions on the ranges of the concentrations of these oxides. These restrictions are expressed via ranges for each of the eight oxides of interest; these ranges have been provided in Table 9 . WSRC-TR-97-0039 1
The mixtures of interest for this study must satisfy the following set of constraints a c x i = l , and i= 1 ai r: xi I bi where Xi is the concentration of oxide i (as a weight fraction) in the mixture consisting of q (=8) components and the ranges, ai and bi, for each oxide are the "Low Value" and "High Value" columns, respectively, of Table 9 [I].
The region of oxide concentrations that satisfy the constraints of (2) defines the candidate design space and forms a 7-dimensional region. The experimental design that is to be selected for studying the process and product properties for this project should consist of points within this region.
STRATEGY FOR SELECTING DESIGN POINTS
The geometric shape of the region bound by the constraints given by (2) is in general a hyperpolyhedron, and because the vertices of this region represent extreme conditions of the operating environment, they are often a good place to start in specifying the design points to be included in the experiment. As might be expected for this 7-dimensional hyperpolyhedron problem, the number of such extreme vertices is somewhat large. Help is available in the form of published algorithms that can be used to generate these vertices. These algorithms have been incorporated into several commercially available software programs that perform computer-aided design of experiments.
Two such programs were used as part of this phase of the study; they are SAS/QC@ Software and JMP@ both from SAS Institute, Inc. [2, 3] . The JMP@ software was used to generate a collection of 222 extreme vertices that bound the region defined by (2) using the ranges of Table 9 . This is usually a good place to start in looking for candidate design points. However, there are other compositions, in addition to these extreme vertices, that should be considered for inclusion in this design. It is usually desirable to consider points between the vertices as candidate design points. These points are called centroids, and a centroid is the average of points that share a constraint boundary [3] . Centroid points of various degrees can be generated and added as candidate design points. The overall centroid is determined by averaging all of the extreme vertices. The experimental design capabilities of JMP@ were used to generate all of the centroids for the glass compositional region defined by Table 9 . The total number of glasses generated by JMP@ is 3567 (including the 222 extremes). In addition, the ten compositions created by making glass using each of the 5 frits with the surrogate feed being loaded at 33% and 55% were added to this set of candidate glasses giving a total of 3577 candidate compositions. Obviously, there is a need to reduce the actual compositions tested to a (small) fraction of these candidate points.
THE MODEL TO B E lNVESTIGATED
The glass properties of primary interest in this study are liquidus temperature and viscosity, also of interest is durability. Liquidus temperature defines a lower limit on melter temperature to avoid forming non-homogeneous glass, which directly affects WSRC-TR-97-0039 1 processability and could potentially affect durability. Durability is important because it directly affects the reliable storage of the glass. Viscosity affects the ability to process the glass, imposing pouring and/or flow constraints.
The effort to reduce the number of candidate compositions revolves around the model that is to be investigated in this study. The primary model to be examined using the data resulting from the designed experiment being developed here is a linear (first-order) empirical model of the form
where y is a response of interest (such as liquidus temperature), pi is the unknown coefficient relating oxide xi (i=l, 2, ..., 8) to y, E is an error term which is assumed to have a zero mean and constant variance.
CRITERIA FOR SELECTING DESIGN
Computer-aided design of experiments routines utilize one or more of the design optimality criteria that can be used to choose a set of points (the design) from a candidate list of points. Almost all of these computer-aided design routines are model dependent. Once a mixture model is chosen, such as the Iinear model given by (3), and a list of candidate design points is specified, such as the current 3577 compositions, a particular design (of a designated size) is selected from the candidate points that minimizes or maximizes a particular criterion. A final design may be selected from these designs of varying sizes using this same, and/or additional, criteria along with economic considerations.
Some of the more popular criteria that have been proposed for choosing a design are a. A-optimality, which seeks to minimize the average variance of the estimates of the pi's.
b. D-optimality, which seeks to minimize the determinant of (X'X)-' where each row of the matrix X is a design point, i.e., a composition given by XI, x2, ..., xlo.
c. G-optimality, which seeks to minimize the maximum prediction variance over a specified set of candidate design points.
These are model-dependent criteria, and a design that is optimal for one model form, for example a first-degree model such as (3), will not necessarily be optimal for another model such as a second-degree mode1 [4] . However, since these criteria are varianceminimizing criteria, a design that is optimal for a given model using one of the above criteria is usually near-optimal for the same model with respect to the other criteria [4] .
A feature of the JMP software package is its D-Optimal Design routine that uses criteria (b) to choose a set of points (the design) from a candidate list of points [3] . Values of the (a)-(c) criteria, denoted as A-efficiency, D-efficiency, and G-efficiency, respectively, are provided as part of the output from this routine. In addition, the correlations of the estimates of the pi 's for the optimal design are provided. WSRC-TR-97-0039 1
SOME ADDITIONAL COMMENTS REGARDING THE DESIGN
The first-order model was used as the driver in selecting the design points. For this study, it is assumed that a linear function of these eight oxides will be adequate to model the properties of interest. But even when such a first-order model is of primary interest, there is a need to test this assumption. There is a need to ask the questions, "Does the linear model adequately fit the observed response values? Is there an indication of a lack of fit?' The overall centroid of the design was included as a design point so that it might be used as a check point for the fitted model. If there is nonlinear bending in the response of liquidus temperature over the hyperpolyhedron defined by (2), there should be some indication via a lack of fit for the response corresponding to this check point. Thus, it is important that centroids and other interior points be included in the design to serve as indicators for a lack of fit for the linear model.
Also, the batching of the glasses from this design was to take advantage of the available surrogate sludge. That is, for a given glass, the "Others" component could be used to determine the feed loading and all sludge components would then be added (in their relative proportions) to start the glass recipe. The recipe would then be completed by adding the appropriate amounts of the frit components. This approach led to some of the candidate design points becoming infeasible (they would involve a negative weight percent contribution from one or more of the frit oxides). Such points were removed from the 3577 candidate design points which left 897 glasses.
THE EXPERIMENTAL DESIGN
In this section, compositions are selected from the set of candidate compositions described in the previous section for inclusion in the experimental plan.
Using the JMP D-Optimal Design routine, a optimal design, for studying linear effects for the eight oxides, consisting of 16 compositions was determined from this list of 897 candidate design points. These 16 points chosen were selected as the best set of 16 points over 100 runs ("trips") of the D-Optimal Routine. One of these "optimal" glasses came from the set of 10 glasses determined by the extreme loadings using the original 5 frits. The overall centroid was also added to the design set. Thus, the final design for this phase of the study consisted of 17 glasses. The frit component for each of these glasses is given in Tanks (BVEST), and the Old Hydrofracture Tanks (OHF) . Glass formulation development for sludge from these tanks is discussed in an accompanying article for this conference (Andrews and Workman). The sludges contain transuranic radionuclides at levels which-will make the glass waste form (at reasonable waste loadings) TRU. Therefore, one of the objectives f o r this project was to ensure that the vitrified waste form could be disposed of at the Waste Isolation Pilot Plant (WIPP). In order to accomplish this, the waste form must meet the WIPP Waste Acceptance Criteria (WAC). An alternate pathway is to send the glass waste forms for disposal at the Nevada Test Site (NTS). A sludge waste loading in the feed of -6 wt% will lead to a waste form which is non-TRU and could potentially be disposed of at NTS, The waste forms would then have to meet the requirements of the NTS WAC. This paper presents SRTC's efforts at demonstrating that the glass waste form produced as a result of vitrification of ORNL sludge will meet all the criteria of the WIPP WAC or NTS WAC.
INTRODUCTION
The waste in the Oak Ridge tanks contains both sludge and supernate (Bayne et al, 1996 , Keller et al, 1997 , and Francis and Herbes, 1997 . This research focuses only on the sludge component of the waste. There are -1,000,000 kg of wet sludge in these tanks containing roughly 5 0 wt% water. The sludges from these tanks contain transuranic radionuclides at levels which will make the waste Transuranic (TRU) as the sludge loading in the glass is increased. In addition, the sludge contains RCRA metals at levels which could potentially make the waste form characteristically hazardous. One of the objectives for this project was to ensure that the vitrified waste form could be disposed of either at the Waste Isolation Pilot Plant (WIPP) or the Nevada Test Site (NTS).
A major driver which affects the properties of the glass waste form is the waste loading. loading will be expressed as the amount of dry sludge present in the feed that will be delivered to the glass melter. The average weighted sludge composition from all four Oak Ridge Tank Farms contains 47.6 wt% solids and 5 2 . 4 wt% water. For example, 63 grams of wet sludge mixed with 70 grams of glass formers would produce a waste loading of 30 wt% dry sludge in the melter feed. During vitrification, this feed will be converted to oxides in the melter to produce a waste oxide loading of -25 wt%.
For this report the waste
The chemical composition of the weighted average of all tanks within the four tank farms is provided in a separate report.
The weighted average for the radionuclide composition is provided in the Tables of this paper. It is worth noting that the average composition is in reality not achievable. There is not a tank large enough in which to homogeneously blend the contents of every tank. Nevertheless, the average composition provides a starting point from which to develop a glass frit.
There is a large tank-to-tank variation in both chemical and radionuclide composition. There may also be significant intank variation in sludge composition both vertically and radially. All samples have been taken f r o m a single riser port and therefore the degree of variation within the tanks has not been determined. The scope of this paper is limited to a fixed composition of the tank waste provided by the weighted average. Frits developed for this task will be evaluated for their capacity to adequately incorporate wastes within the envelope of chemical and radionuclide variations present in the tanks. This work will continue through next year.
It is important in the development of a glass formulation for tank waste, that the resultant glass waste form is acceptable for disposal. For this paper two disposal sites are discussed: the Nevada Test Site (NTS) near Las Vegas, Nevada and the Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico. The requirements f o r disposal at the NTS are detailed in the NTS Waste Acceptance Criteria (WAC) (NTS WAC, 1996) . The NTS will accept low-level radioactive waste if all of their requirements are met. The WIPP is not yet receiving waste but expects to receive shipments in 1998. To be accepted at WIPP, the waste must be transuranic (TRU) waste and the waste form must meet the' WIPP WAC (1996). As will be demonstrated, acceptance at WIPP is dependent upon the waste loading in the glass.
TRU Components. In order to dispose of a waste form at the WIPP, it must be TRU waste. The WIPP WAC defines TRU waste as waste that contains alpha-emitting radionuclides with atomic numbers greater than that of Uranium (92) .and which have a combined alpha activity level greater than 100 nCi/g. Furthermore, the half life of the TRU radionuclides must be greater than 20 years to be included in the total alpha activity level. Calculations of the activity levels include only the mass of the waste form and can not include the mass of any containers.
The average Oak R i d g e tank waste has a TRU level of 784 nCi/g. Table 1 l i s t s the transuranic radionuclides and their associated alpha activity levels for the average waste. This sludge composition contains 52 wt% water and 48 wt% solids. Therefore, the TRU alpha activity for dry sludge is 1,647 nCi/g. Figure 1 presents the TRU alpha activity as a function of dry sludge (wt % ) in the melter feed. This plot reveals that the waste becomes TRU at relatively low waste loadings (-6 wt%). For disposal of this vitrified waste at NTS, the dry sludge loading in the feed must be low enough that the glass produced contains less than 100 nCi/g of TRW alpha activity (and meets the NTS WAC). Therefore, Figure 1 partitions waste between NTS and WIPP at 100 nCi/g. Since the composite waste is an average of all constituents over the f o u r Oak Ridge tank farms, there will be variation in TRW content with time in the vitrified waste form. Therefore, if WIPP is chosen as the disposal site, it is important that the feed has a higher waste loading to ensure that all of the glass is TRU to meet the requirements of the WIPP. Conversely for disposal of any of the waste at the NTS, a lower loading should be targeted to ensure that none of the waste is TRU.
NTS DISPOSAL
The possibility exists that the vitrified sludge could be shipped to NTS for disposal. For this to occur, the loading of dry sludge in the waste must be below 6 wt% on average to ensure that the waste is not TRU. The waste must also meet the requirements detailed in the NTS WAC.
The NTS does not accept mixed waste from outside the state of Nevada for disposal and the Oak Ridge sludge is not RCRA listed. As discussed below, glass waste forms have transformed and immobilized the sludge. Consequently, the glass waste form removes the concern over ignitable, corrosive and reactive waste. In addition, organics are destroyed due to the high temperatures involved in the vitrification process.
The one area of concern is RCRA regulatory limits for metals based on the EPA TCLP extract. I f the metals in the glass are at concentrations less than the RCRA limits, there is no potential for the waste being characteristically hazardous. During the TCLP, a dilution of twenty times the original volume occurs. Therefore, the metals in the glass only need to be lower than twenty times the RCRA limits. Table 2 presents the RCRA metals and their projected concentrations in glass at 6 wt% loading of dry sludge, along with the RCRA limits and twenty times the limits. The only metal which is greater than the 20 times limit is Hg. However, mercury is a volatile element which is removed during the vitrification process and captured in the melter offgas system. Therefore, the waste form at low sludge loadings can not (on average) be characteristically hazardous. No credit is given here for the durability of the glass which certainly would reduce the amount of RCRA metals leached. This resistance to leaching could be used for cases where locally high concentrations of RCRA metals reside (e.g., an individual tank) . Although shipping the vitrified waste to NTS is possible if lower waste loadings are used, the required reduction in waste loading would result in a greater volume of waste. A n analysis is underway to determine costs based on shipment and storage as a function of waste loading f o r both NTS and WIPP.
WIPP DISPOSAL
Calculations reveal that the vitrified waste form at -6 wt % loading will produce a dose rate at the surface of a 55 gallon d r u m in excess of the 200 mrem/hr surface limit.
Therefore, the waste forms sent to WIPP will be handled remotely. Remote Handled (RH) waste has requirements which are different than Contact-Handled (CH) waste. The WIPP WAC includes preliminary RH-TRU waste acceptance criteria, requirements, and compliance methods. However, the finalized requirements will not be available until the RH-TRU 72-B Cask SARP is approved. The following discussion is based on the preliminary RH requirements of the WIPP WAC.
Container: The container for RH-TRU waste is a stainless steel canister which can be no larger than 26 inches in diameter and 10 feet, 1 inch in length, and shall include a pintle for axial lifting. Glass can be poured directly into this canister or filled drums can be loaded into this canister.
Shipment to WIPP:
The canister will fit into a RH-TRU 72-B Cask which will be transported by truck to WIPP. Each shipment can take one canister in one cask. It may be possible to include up to three 55 gallon drums into a single canister.
Weight of the RH TRU canister:
The weight of the loaded canister must be less than 8,000 pounds. The density of glass (-2.5 kg/L) is such that the 8,000 pound limit can not be reached, even for a completely filled canister.
H e a t Generation: For remote handled TRU waste the thermal power requirement is a limit of 300 Watts per canister.
Calculations have been performed using the average radionuclide concentrations to calculate the wattage per gram of sludge. The result is 5 . 4 2 E-07 watt/gram (see Table 3 ) .
Assuming that each RH canister will be filled with 1700 Kg of glass, there will be 0.58 watts/canister at melter feed containing 30 wt% dry sludge. Wattage values could range from 0.12 Watt at 6 wt% loading to 0.97 Watts at 50 wt% d r y sludge in the melter feed. Thus, the requirement of less than 3 0 0 Watts/canister is readily met with this waste stream. 
Pu-239 Equivalent A c t i v i t y :
The requirement for the Pu-239 equivalent (PE) activity for RH TRU waste in the WIPP WAC is less than 1000 PE-Ci/canister. This requirement is based on inhalation of fine particulates contaminated with radionuclides. It is interesting to note that the limit has been relaxed to 1800 PE Ci for a 55 gallon drum f o r contact handled TRU waste if the waste has been vitrified. This is due to the fact that the glass waste contains less fines and consequently, inhalation of particulate fines is not as great a concern. The preliminary requirements for the RH waste have not yet relaxed this requirement for vitrified waste. Nevertheless, the calculated PE activity for the composite waste has been calculated assuming a 30 wt% loading of dry sludge in the melter feed. A value of 1.1 Ci (PE) was obtained. This value demonstrates that this requirement can be readily met a t reasonable waste loadings. The details of the calculations are shown in Table 5 . Table 5 . Pu-239 Equivalent Activity (PE-Ci) for a glass made using 30 wt% dry sludge in the feed Acceptable Knowledge: Several of the requirements in the WIPP WAC can be addressed by acceptable knowledge. In this case the acceptable knowledge comes from the vitrification process. Glass formers are added to the sludge, and the mixture is fed to a melter which normally operates between l l O O°C and 1400°C. This high temperature and the relatively long residence time in the melter (the residence time depends on the size of the melter and throughput) provide assurance that the following requirements will be met:
1)
Free liquids. The intent of the free liquids requirement is to limit liquid waste at the WIPP. The maximum amount of liquid per canister for RH-TRU is 6 liters. The process of vitrification removes all liquids from the feed such that the molten glass is poured into the canister at a temperature exceeding 1000°C. The molten glass flows into the canister and solidifies as it cools. Proper administrative control then ensures that no additional water or other liquid can enter the canister.
)
Pyrophorics. The process of vitrification molecularly incorporates the radionuclides and other chemical elements within the glass. Pyrophorics are destroyed in the melter,
Mixed Waste. The WIPP WAC requires that RH-TRU waste can contain hazardous constituents only as cocontaminants with TRU waste. The glass formers which are added do not contain hazardous components. The WIPP WAC also requires that any corrosive, reactive, or ignitable characteristics shall be treated to remove the hazardous characteristic. The process of vitrification would remove any corrosive, reactive, or ignitable characteristic, if present, in the feed.
4)
Explosives, Corrosives, and Compressed Gases. The WIPP WAC requires that there shall be no explosives, corrosives, or compressed gases. Vitrification removes these types of materials.
5)
PCB's. PCB's, if present in the feed, would be destroyed by the process of vitrification.
6)
Flammable VOC's. VOC's, if present, would be destroyed at the high melter temperatures. The glass waste form is non-volatile and consequently no additional volatile materials can be released to the canister headspace.
CONCLUSIONS
The development of a glass formulation for sludge immobilization leads to a waste form which is suitable for disposal at either t h e NTS or WIPP. The waste loading of the sludge determines the classification of the resultant glass waste form. Below a dry sludge feed loading of 6 wt%, the glass will be non-TRU and can be disposed of at the NTS. Above the 6 wt% loading of sludge, the waste will be TRU and can be disposed of at the WIPP.
The process of vitrification provides acceptable knowledge for meeting a number of the WIPP WAC requirements. These include compliance with the requirements of free volume, explosives, RCRA metals, ignitables, corrosives, and PCB's.
The requirements of the WIPP WAC and the average composition of the Oak Ridge tank waste reveal that glass compositions that incorporate significant amounts of waste will be acceptable for disposal at WIPP. This provides more latitude in defining the optimum waste loading if vitrification is chosen as the method of immobilization of the waste. Efforts will continue to (1) determine the robustness of the glass formulation to incorporate variations in the chemical and radionuclide composition of the various tanks, and (2) compare costs of immobilization, storage, shipment, and eventual disposal at both WIPP and NTS based on waste loading in the glass.
